Background: Population-based estimates of the incidence and prognosis of metastatic disease at the initial diagnosis of primary central nervous system (CNS) tumors are currently lacking. Methods: A total of 43,455 patients diagnosed with a primary CNS tumor were enrolled to evaluate metastatic rates utilizing the data from the Surveillance, Epidemiology, and End Results (SEER) program. We used multivariate logistic regression to analyze the risk factors associated with the presence of metastasis at the first visit of patients with metastatic medulloblastoma (MB), atypical teratoid/rhabdoid tumor (ATRT), glioblastoma multiforme (GBM), or pilocytic astrocytoma (PA). Hazard ratios (HRs) and 95% confidence intervals (CIs) for cancer-specific death (CSD) of patients with these four CNS tumors were analyzed using multivariate Cox regression. Results: In patients with primary CNS embryonal tumors, the metastatic rates of patients with MB and ATRT were 14.51% and 19.25%, respectively. The metastatic rate for MB patients aged 0 to 18 years was 16.69%. In the patients with glioma, the metastatic rates of patients with PA and GBM were 1.55% and 1.39%, respectively. On multivariate logistic regression among patients with glioma, GBM (vs PA; OR, 2.12; 95% CI, 1.37 to 3.30; P=0.001) was associated with greater odds of having metastatic disease at diagnosis. On multivariate logistic regression among patients with GBM, MB, or ATRT, MB (vs GBM; OR, 4.66; 95% CI, 2.81 to 7.72; P<0.001) and ATRT (vs GBM; OR, 5.65; 95% CI, 3.27 to 9.75; P<0.001) were associated with greater odds of having metastatic disease at diagnosis. In the multivariate Cox proportional hazards model for CSD among patients with metastatic GBM or MB at diagnosis, gross total resection/total lobectomy (vs partial resection/partial lobectomy) was not related to a decreased or an increased risk of CSD. In patients with metastatic ATRT, compared to no surgery, gross total resection/total lobectomy or partial resection/partial lobectomy was not associated with a decreased risk of CSD. Conclusions: The findings in this study provide a population-based estimate of the incidence and prognosis of metastatic disease at the initial diagnosis of primary CNS tumors. These survival outcomes are relevant because they will help to prioritize future research directions to improve the treatment strategies of these metastatic CNS tumors.
Introduction
Limited data are available on the incidence of metastasis among primary CNS tumors.
Medulloblastoma (MB), a CNS embryonal tumor originating from the posterior fossa, is the most
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International Publisher frequent malignant pediatric brain tumor [1] . Eighteen percent of the children with MB present with metastatic disease at diagnosis [2] . Atypical teratoid/rhabdoid tumor (ATRT) is a highly malignant CNS embryonal tumor commonly affecting children <3 years of age [3] . Recent data indicate that it is the most frequent malignant CNS tumor in children <6 months of age [4] . For ATRT, CSF involvement via leptomeningeal dissemination can be observed in 15%-30% of patients [3] . GBM is the most frequent of all malignant CNS tumors [5] and is also the most frequent primary brain tumor in adults [6] . Cerebrospinal fluid (CSF) involvement through leptomeningeal dissemination is present in approximately 2% of patients with GBM [7] . PA is the most common glioma in children and adolescents [5, 8, 9] . In the literature, the incidence of metastatic disease at diagnosis of PA ranges from 0.9% to 5% [10] [11] [12] . However, robust population-based studies comparing metastatic rates between patients with CNS neoplasms, especially these four common CNS tumors, are lacking.
Metastatic disease represents a significant cause of mortality among patients with CNS tumors. Compared to patients with nonmetastatic CNS tumors, patients with metastatic CNS tumors who receive the same treatment modalities such as surgery, radiation therapy, and chemotherapy are likely to have very different prognoses [10, 13] . Nevertheless, population-level studies for sociodemographic and clinical predictors of outcomes among patients with newly diagnosed CNS tumors and metastatic disease are also lacking.
The aim of the present study was to utilize the Surveillance, Epidemiology, and End Results (SEER) database to characterize the incidence rate of metastatic disease at the initial diagnosis in patients with CNS tumors on a population-based level. We also endeavored to quantify survival estimates of patients with MB, ATRT, GBM or PA and to comprehensively evaluate the demographic, clinical, and prognostic features for patients with these four CNS tumors and any metastatic disease present at diagnosis.
Methods
Patients and clinicopathological data
Information on cancer incidence, treatment, and survival was derived from the SEER 18 Regs Custom Data (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) Figure 1 ).
Statistical analysis
Multivariate logistic regression was used to determine whether the age at diagnosis, sex, or race were related to the presence of metastatic disease at diagnosis of MB, ATRT, GBM, or PA; other variables in the model included primary site, ICD-O-3 histology groups, and insurance status [16] . In this study, we employed the SEER cause-specific death classification variable to obtain estimates for cancer-specific survival [17] . Patients who were still alive on December 31, 2013, or who had died of other causes were censored. Survival rates (at 1, 3 and 5 years) by cancer-specific death by surgery [18] , radiotherapy, and chemotherapy for patients with metastatic MB, GBM, or ATRT from 2004 to 2013 were calculated using the Kaplan-Meier method. HRs, 95% CIs, and P values for the cancer-specific death of patients with metastatic MB, ATRT, GBM, or PA related to age at diagnosis, sex, race, primary site, ICD-O-3 histology groups, insurance status, radiotherapy, chemotherapy, or surgery were calculated using multivariate Cox proportional hazards analysis. All analyses, except APCs and nomograms, were conducted using SPSS software, version 23.0. APCs were calculated using the joinpoint regression software program (version 4.5.0.1; http://surveillance .cancer.gov/joinpoint/download). We generated nomograms of the multivariate Cox models with the R package 'rms' version 4-4.2. 
Results
Incidence
The metastatic number and incidence proportions of patients with CNS tumors, as stratified by SEER ICD-O-3 histology codes, are provided in table 1. Among patients with primary CNS embryonal tumors, the metastatic rates of patients with ATRT or MB were 19.25% and 14.51%, respectively. In addition, the metastatic rate of MB patients aged 0 to 18 years was 16.69%. Among the patients with glioma, the metastatic rates of patients with ependymoma (NOS), PA, GBM, or oligodendroglioma were 1.94, 1.55%, 1.39%, and 0.29%, respectively. In general, the metastatic rates of patients with ATRT were the highest, and the metastatic rates of patients with oligodendroglioma were the lowest for patients with CNS embryonal tumors or gliomas. Figure 2 CSSRs at 1, 3, and 5 years of patients with metastatic MB or GBM receiving partial resection/partial lobectomy or gross total resection/total lobectomy were higher than those of patients with metastatic MB or GBM who did not receive surgery. For patients with metastatic MB, CSSRs at 1 year for patients who had received gross total resection/total lobectomy were higher than those of patients who had received partial resection/partial lobectomy, whereas CSSRs at 3 and 5 years for patients who had received gross total resection/total lobectomy were lower than those of patients receiving partial resection/partial lobectomy. For patients with metastatic GBM, CSSRs at 1 and 3 years for patients receiving gross total resection/total lobectomy were higher than that of patients receiving partial resection/partial lobectomy, whereas CSSRs at 5 years for patients receiving gross total resection/total lobectomy were marginally lower than that of patients receiving partial resection/partial lobectomy. In addition, for patients with metastatic MB or GBM, CSSRs at 1, 3, and 5 years for those receiving radiotherapy were significantly higher than those who did not receive radiotherapy, and similarly, CSSRs at 1, 3, and 5 years for patients receiving chemotherapy were markedly higher.
The multivariate Cox regression for CSD among patients with metastatic MB at diagnosis markedly showed that radiotherapy (vs no radiotherapy; HR, 0.27; 95% CI, 0.13 to 0.56; P<0.001), chemotherapy (vs no/unknown chemotherapy; HR, 0.21; 95% CI, 0.09 to 0.47; P<0.001), partial resection/partial lobectomy (vs no surgery; HR, 0.35; 95% CI, 0.14 to 0.84; P=0.019), and gross total resection/total lobectomy (vs no surgery; HR, 0.41; 95% CI, 0.18 to 0.96; P=0.04) were associated with a decreased risk of CSD, while black race (vs white; HR, 3.21; 95% CI, 1.20 to 8.62; P = .02) was associated with an increased risk of CSD (supplemental table 5). As shown in supplemental table 6, gross total resection/total lobectomy (vs partial resection/partial lobectomy) was not associated with a decreased or an increased risk of CSD in patients with metastatic MB. Multivariate Cox regression for CSD among patients with metastatic ATRT at diagnosis showed that radiotherapy (vs no radiotherapy; HR, 0.15; 95% CI, 0.04 to 0.62; P=0.009) and chemotherapy (vs no/unknown chemotherapy; HR, 0.16; 95% CI, 0.05 to 0.54; P=0.003) were significantly associated with a decreased risk of CSD, whereas gross total resection/total lobectomy (vs no surgery) and partial resection/partial lobectomy (vs no surgery) were not associated with a decreased or an increased risk of CSD (supplemental table 7 ). In the multivariate Cox proportional hazards model for CSD among patients with metastatic GBM at diagnosis, radiotherapy (vs no radiotherapy; HR, 0.60; 95% CI, 0.43 to 0.83; P=0.002), chemotherapy (vs no/unknown chemotherapy; HR, 0.51; 95% CI, 0.38 to 0.71; P<0.001), partial resection/partial lobectomy (vs no surgery; HR, 0.72; 95% CI, 0.54 to 0.96; P=0.026), and gross total resection/total lobectomy (vs no surgery; HR, 0.53; 95% CI, 0.35 to 0.80; P=0.002) were significantly associated with a decreased risk of CSD (supplemental table 8 ). As shown in supplemental table 9, gross total resection/total lobectomy (vs partial resection/partial lobectomy) was not associated with a decreased or an increased risk of CSD in patients with metastatic GBM at diagnosis. Nomograms of the multivariate Cox model for CSD among patients with metastatic MB or GBM showing the relative clinical effect of each variable to predict CSSRs at 1, 3 and 5 years are shown in Figure 3 . In addition, among patients with metastatic PA at diagnosis, the variables radiotherapy (vs no radiotherapy), chemotherapy (vs no/unknown chemotherapy), partial resection/partial lobectomy (vs no surgery), and gross total resection/total lobectomy (vs no surgery) were not related to a decrease or an increased risk of CSD according to the multivariate Cox proportional hazards model for CSD (supplemental table 10).
Discussion
Population-based incidence and survival studies provide important information to researchers, clinicians, public health officials, and disease interest groups; they also influence the direction of future research [19] . In this population-based study, we described the incidence of identified metastatic disease among patients with newly diagnosed CNS tumors. Specifically, we used data from patients with relatively common and frequently occurring CNS embryonal tumors or gliomas with high metastatic rates, including medulloblastoma (MB), atypical teratoid/rhabdoid tumor (ATRT), glioblastoma multiforme (GBM), or pilocytic astrocytoma (PA), and subsequently characterized the survival of such patients. Because SEER data include approximately 30% of the United States population, the incidence rates and survival outcomes we showed are highly generalizable and likely more reflective of the population compared with previously published data focused primarily on patients diagnosed and treated at cancer research centers. For most malignant astrocytes, the spread of disease to the subpial area and subarachnoid space is uncommon [20] . In contrast, PAs show a strong tendency to invade the subarachnoid space [20] . GBM tends to invade the white matter but is also seen in the gray matter and the perineuronal and submeningeal spaces [20] . Therefore, we could conclude that patients with PA or GBM (vs patients with most other glioma subtypes) have greater odds of having metastatic disease at diagnosis. Supporting this conclusion, our results show that the metastatic rates of PA and GBM, except for ependymoma, are the two highest of all glioma subtypes. On multivariate logistic regression among patients with glioma, patients with GBM (vs patients with PA) had significantly greater odds of presenting with metastatic disease at diagnosis; one explanation for which is that the dissemination of GBM through the CSF is more likely to occur than that of PA [20] . The result that the metastatic rate of ependymoma is the highest of all glioma subtypes is supported by previous studies, which have shown that because of its location in CSF pathways, ependymoma is prone to dissemination with an overall incidence of seeding ranging between 9% and 20% [21] [22] [23] [24] . For MB, spreading to the white matter, gray matter, subarachnoid space, and CSF is quite common [20] . Extraneural metastatic rates for MB are between 5% and 9% in adults, with a slightly higher metastatic rate in children, and as such, it is higher than that of glioma [25] . For patients with ATRT, the incidence of leptomeningeal dissemination ranges from 15% up to 30% [3] . Hence, we concluded that patients with major CNS embryonal tumors (MB or ATRT) have greater odds of having metastatic disease at diagnosis compared to patients with major gliomas (GBM or PA). Our results of metastatic rates for patients with CNS tumors and the multivariate logistic regression among patients with GBM, MB, or ATRT support this conclusion.
We applied joinpoint regression analyses to identify 2007 as the single inflection point among male patients with metastatic MB and 2009 as the single inflection point among all patients with metastatic ATRT and metastatic ATRT patients aged 0 to 19 years, at which the slope of incidence rates statistically decreased. The declining trend in the incidence rates may be due in part to the increased use of combined anatomical and molecularly targeted imaging in the diagnosis and surveillance of CNS embryonal tumors, such as combining anatomic imaging together with planar SPECT imaging with Octreoscan, which has the potential to provide evidence of minimal disease activity and thus allows for retreatment before metastatic disease develops [26] . In addition, the increase in incidence from 2004-2009 and subsequent decrease for MB and ATRT is also likely artefactual due to reporting methods over this timeframe.
We found that among patients with metastatic MB, gross total resection/total lobectomy (vs partial resection/partial lobectomy) was not related to a decrease or an increased risk of CSD. Michael Taylor and colleagues previously reported that there was a survival benefit for gross total resection compared with subtotal resection with metastatic group 4 MB [27] . It is likely that in the SEER database, the number of patients with metastatic WNT, SHH, or group 3 MB was higher than that of patients with metastatic group 4 MB, and this led to the result in our study. The disparity of CSSRs at 1, 3, and 5 years between patients receiving gross total resection/total lobectomy and partial resection/partial lobectomy may explain why there was not a definitive relationship between the extent of resection and the risk of CSD in patients with metastatic MB in this study. Surgery-related multivariate Cox regression results and an explanation for the lack of association between the extent of resection and the risk of CSD by employing the disparity of CSSRs at 1, 3, and 5 years of patients with metastatic GBM were similar to that of patients with metastatic MB. For patients with metastatic ATRT, gross total resection/total lobectomy (vs no surgery) and partial resection/partial lobectomy (vs no surgery) were not related to a decreased or an increased risk of CSD. Further studies evaluating potential explanations for these findings with respect to the survival analyses of patients with metastatic ATRT are warranted. In patients with metastatic PA, we did not obtain meaningful results in the multivariate Cox regression because CSD occurred only in 5 patients. It remains unclear if the possible indolent nature of metastatic PA or its good response to surgery, radiotherapy, or chemotherapy results in the survival of most patients with metastatic PA, and as such, further investigation is warranted.
The findings of our study should be considered in the context of its limitations. First, most patients presenting with metastatic disease at diagnosis were likely symptomatic, while many patients without neurologic symptoms may not be captured in our analyses. Therefore, we likely underestimated the actual metastatic rate in patients with newly diagnosed CNS tumors. Second, the details of the chemotherapeutic agents used and data regarding radiation dosage and radiation field were not known. Finally, information relating to genetic classification, comorbidities, performance status, socioeconomic status, and lifestyle factors was not available; thus, these variables could not be adjusted for in our study.
Conclusion
Despite the potential limitations listed above, our study provides insight into the epidemiology of metastatic disease in patients with newly diagnosed CNS tumors in the US. We found four relatively common and frequently occurring CNS tumors with high metastatic rates: MB, ATRT, GBM, and PA. Our data suggest that the lack of association between the extent of resection and the risk of CSD among patients with metastatic MB or GBM may be explained, at least in part, by the differences of CSSRs at 1, 3, and 5 years between patients receiving gross total resection/total lobectomy and partial resection/partial lobectomy. Understanding differences in the therapeutic efficacy of surgery, radiotherapy, and chemotherapy among patients with metastatic MB, ATRT, GBM, or PA and addressing these differences in future studies is an important part of improving the treatment strategies for patients with these metastatic CNS tumors.
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